Background/Aims: Blood-retinal barrier (BRB) breakdown and vascular leakage is the leading cause of blindness of diabetic retinopathy (DR). Hyperglycemia-induced oxidative stress and inflammation are primary pathogenic factors of this severe DR complication. An effective interventional modality against the pathogenic factors during early DR is needed to curb BRB breakdown and vascular leakage. This study sought to examine the protective effects of α-Melanocyte-stimulating hormone (α-MSH) on early diabetic retina against vascular hyperpermeability, electrophysiological dysfunction, and morphological deterioration in a rat model of diabetes and probe the mechanisms underlying the α-MSH's anti-hyperpermeability in both rodent retinas and simian retinal vascular endothelial cells (RF6A). Methods: Sprague Dawley rats were injected through tail vein with streptozotocin to induce diabetes. The rats were intravitreally injected with α-MSH or saline at Week 1 and 3 after hyperglycemia. In another 2 weeks, Evans blue assay, transmission electron microscopy, electroretinogram (ERG), and hematoxylin and eosin (H&E) staining were performed to examine the protective effects of α-MSH in diabetic retinas. The expression of pro-inflammatory factors and tight junction at mRNA and protein levels in retinas was analyzed. Finally, the α-MSH's anti-hyperpermeability showed that BRB breakdown and vascular leakage was detected, and rescued by α-MSH both qualitatively and quantitatively in early diabetic retinas; electron microscopy revealed substantially improved retinal and choroidal vessel ultrastructures in α-MSH-treated diabetic retinas; scotopic ERG suggested partial rescue of functional defects by α-MSH in diabetic retinas; and H&E staining revealed significantly increased thickness of all layers in α-MSH-treated diabetic retinas. Mechanistically, α-MSH corrected aberrant transcript and protein expression of pro-inflammatory factor and tight junction genes in the diseased retinas; moreover, it prevented abnormal changes in TEER and permeability in HG-stimulated RF6A cells, and this anti-hyperpermeability was abolished by a universal MCR blocker or an antagonist specific to MC4R. Conclusions: This study showed previously undescribed protective effects of α-MSH on inhibiting BRB breakdown and vascular leakage, improving electrophysiological functions and morphology in early diabetic retinas, which may be due to its down-regulating proinflammatory factors and augmenting tight junctions. α-MSH acts predominantly on MC4R to antagonize hyperpermeability in retinal microvessel endothelial cells.
Introduction
Diabetic macular edema (DME) is one of the severe complications of diabetic retinopathy (DR), and is becoming the leading cause of vision loss in DR [1] . The DME is mainly caused by breakdown of blood-retinal barrier (BRB) and retinal vascular leakage [2] . Research has shown that the pathogenic factors, including hyperglycemia, oxidative stress, and proinflammatory microenvironment, during early stage of DR cause diffusive BRB breakdown and vascular leakage [3] . If these were not properly treated in early DR, the elevated levels of vascular endothelial growth factor (VEGF) induced by hypoxia and ischemia [4] , together with the pathologies in retinal vasculature at the late stage of DR, such as acellular capillaries, microaneurysms, and microvessel lumen stenosis [5] , would result in an elevated hydrostatic pressure in capillary lumens and leakage of macromolecules, proteins and electrolytes into tissue space with sera, thereby increasing interstitial osmolarity and exacerbating vascular leakage [3] . The exacerbated vascular leakage causes macular edema in the late DR, which entails more difficult, yet often less satisfactory therapeutic managements [6] . The currently available therapeutic modalities to DME include laser photocoagulation, intravitreal injections of glucocorticoid hormone or anti-VEGF drugs [7] . These modalities demonstrate certain efficacies, however, the potential side effects such as retinal damage and elevated intraocular pressure, and the considerable portion of unresponsiveness in patients as well as the prohibitive cost are of major concerns [8] . Therefore, the search for a novel and effective interventional modality to the BRB breakdown and vascular leakage during early DR is of primary clinical importance.
α-Melanocyte-stimulating hormone (α-MSH) is a widely-distributed 13-amino acid peptide derived from proopiomelanocortin [9] . After posttranslational modifications at both termini, α-MSH becomes biologically active and binds to its cognate receptors, melanocortin receptors (MCR) [10, 11] , to regulate physiological functions, including body temperature [12] and metabolism [13] . In the eye, the functions of α-MSH include modulating immune responses [14] , maintaining immune privileges [15] , and inhibiting inflammation [16] . We have shown, in a series of studies that intravitreal injections of α-MSH exert anti-oxidative and anti-apoptotic effects in retinal vessels and neuroretina of streptozotocin (STZ)-induced diabetic rats [17] . In addition, α-MSH reduces pro-inflammatory microenvironment in diabetic retinas [17] . Whereas oxidative stress and inflammatory mediators are the major pathogenic factors causing BRB breakdown and vascular leakage in early diabetic retina [3] . Therefore, we hypothesize that intravitreal administration of α-MSH may protect early diabetic retina from BRB breakdown and vascular leakage. To test this hypothesis, we continued using the STZ-induced diabetic rats to examine the effects of intravitreal injections of α-MSH on BRB function and ultrastructure, as well as on retinal electrophysiological function and general morphology; the molecular mechanisms underlying such effects were investigated; furthermore, we established an in vitro inner BRB model, composed of retinal microvessel endothelial cells, to ascertain the MCR subtype(s) mediating α-MSH's antihyperpermeability in the endothelial cells.
Materials and Methods

Animals
One hundred and thirty Sprague Dawley male rats (8 weeks of age, body weight 200 ~ 220g) were purchased from the Chinese Academy of Military Medical Sciences (Beijing, China). The rats were fed ad lib with food and water, and raised at 22 ~ 25 °C with relative humidity of 40 ~ 70% under 12 h light-dark cyclic illumination. All experimental procedures were evaluated and approved by the Institutional Animal Care and Use Committee of Tianjin Medical University (Permit Number: SYXK 2009-0001), and were in accordance with the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health.
Diabetic induction
The rats were randomly divided into normal (n = 40), normal + α-MSH (n = 10), diabetes mellitus (DM, n = 40), and DM + α-MSH groups (n = 40). The rats in the DM and DM + α-MSH groups were injected through tail vein with STZ at 45 mg/kg (2% in sodium citrate buffer, pH 4.5, AMRESCO LLC, Solon, OH, USA) to induce diabetes. Equal volume of sodium citrate buffer was intravenously injected into the rats in the normal and normal + α-MSH groups. Blood glucose levels were measured at 72 h following the intravenous injection, and the rats with the blood glucose levels higher than 16.7 mM were deemed diabetic and included in subsequent experiments. Water intake and body weight of all experimental animals were monitored on a daily and weekly basis, respectively. The blood glucose levels were measured again at W 5 after the intravenous injection of STZ or sodium citrate buffer.
Intravitreal injections
At W 1 and 3 after the intravenous injection, the rats in the normal + α-MSH and DM + α-MSH groups were intravitreally injected with 3 μl α-MSH (3.3 μg / μl in sterilized normal saline, Calbiochem in EMD Millipore, Billerica, MA, USA), and the rats in the DM and normal groups were injected with the same volume of normal saline. In a previous study, the intravitreal administration of α-MSH at this dosage (10 μg in 3 μl) and frequency (at W1 and W3 after the intravenous injection) had been shown to effectively normalize oxidative stress, inhibit apoptosis, improve vascular and parenchymal ultrastructures, and correct aberrant expression of pro-inflammatory factors in retinas of STZ-induced diabetic rats [17] , therefore, in the current study, the identical regime of α-MSH was applied. Briefly, the rats were systemically anesthetized with an intraperitoneal injection of 10% chloral hydrate (0.3 ml / 0.1 kg), the pupils dilated with tropicamide, and the eyes locally anesthetized with oxybuprocaine hydrochloride. The rats were then injected unilaterally (right eyes) at 2 mm posterior to limbus by a 30-gauge needle mounted on a Hamilton syringe (SigmaAldrich, St. Louis, MO, USA). The needle was kept in vitreous cavity for 15 s, and then gently withdrawn to avoid leakage of injected solution. Ofloxacin eye drop was applied after injection to prevent infection.
Evans blue assay
At W 5 after the intravenous injection, an Evans blue assay was performed in the rats from normal, DM, and DM + α-MSH groups as described in the literature [18] [19] [20] . Specifically, Evans blue dye (30 mg / ml, dissolved in normal saline and filtered, Sigma-Aldrich, St. Louis, MO, USA) was injected into rat tail veins at 45 mg / kg. After the dye had been circulating for 2 h, 3 rats were killed in each group, and retina whole mounts were prepared to examine retinal vasculature morphology and vascular leakage under a fluorescence microscope (BX51, Olympus Optical Co. Ltd., Tokyo, Japan) using a Texas Red filter. On the other hand, blood samples (2 ml, 8 rats / group) were collected from angular veins, and stored at 4 °C in heparin-coated tubes. The rats were then perfused thoroughly via left ventricle with pre-warmed sodium citrate buffer (pH 3.5) to avoid vessel constriction. The retinas were isolated and stored at -80 °C.
One milliliter of the blood sample was centrifuged at 12, 000 rpm at room temperature for 20 min. The plasma in the upper layer was collected and diluted 100 fold with formamide. The Evans blue dye was dissolved in formamide at following concentrations: 50, 000, 25, 000, 10, 000, 5, 000, 1, 000, 500, 250, 125, and 0 ng / ml, to generate a standard curve. The standard curve served as both positive and negative controls. Then 60 μl of diluted blood samples and standard curve solutions were added to a 96-well plate. The absorbance at 620 nm with correction at 740 nm was measured by an Infinite 200 PRO Multimode Microplate Reader (Tecan Group Ltd., Männedorf, Switzerland). The blood concentration of Evans blue dye was calculated based on the standard curve.
Each retina sample was incubated in an oven at 37 °C for 5 h, and retina dry weight was recorded. Then the retinas were incubated at 70 °C for 18 h in 150 μl formamide. The retinal sample extracts were applied to EMD Millipore Amicon Ultra-0.5 Centrifugal Filter Units (NMWL 30000, Fisher Scientific, Pittsburgh, PA, USA), and centrifuged at 3, 000 g, 4 °C for 90 min. The filtrates, containing molecules lower than 30 kD, were collected. The concentration of Evans blue dye in the filtrate was calculated as described above. The Evans blue permeability in retinal sample was calculated according to the following formula: Permeability [μl / (g•h)] = [Evans blue content in retina (μg) / retina dry weight (g)] / [time-averaged Evans blue concentration in blood (μg / μl) × circulating time (h)].
Transmission electron microscopy
The eyes from the animals of normal, DM, and DM + α-MSH groups (n = 5 / group) were collected for transmission electron microscopy. Briefly, the eye balls were fixed in pre-chilled 2.5% glutaraldehyde solution (pH 7.4, Sigma-Aldrich, St. Louis, MO, USA) and 1% osmium tetroxide solution (Sigma-Aldrich, St. Louis, MO, USA), and dehydrated in gradient ethanol. The eyes were treated with epoxy propane, embedded in 812 resin (Electron Microscopy Sciences, Hatfield, PA, USA), and processed for ultrathin sections (± 50 nm / section). The sections were stained with uranyl acetate and lead citrate, observed under a Hitachi-7500 transmission electron microscope (Hitachi, Tokyo, Japan), and photographed by the MegaView digital electron microscopy system (Olympus Soft Imaging Solutions Corp., Lakewood, CO, USA).
Electroretinogram
At W 5 following the intravenous injection, the rats in the normal (n = 16), normal + α-MSH (n = 10), DM (n = 16), and DM + α-MSH groups (n = 16) were subjected to scotopic electroretinogram (ERG) analyses. Briefly, the animals were dark-accommodated for 16 h before systemic anesthesia was induced by an intraperitoneal injection of chloral hydrate (0.25 ml / 0.1 kg). The anesthetized rats were fixed on a stage in a supine position. The pupils were dilated with 2.5% phenylephrine and 1% tropicamide. Platinum needle electrodes were placed on both corneas. A reference electrode was positioned in the skin behind ear and a ground electrode in the skin close to tail. The full-field dark-adapted ERGs elicited by white flash lights with luminance of 0.01, 3.0, and 30.0 cd*s/m 2 were recorded by a RetiMINER-Visual Electrophysiology (ChongQing IRC Medical Equipment, Chongqing, China) following the manufacturer's instructions.
Hematoxylin and eosin staining
At the end of study, the eye balls of rats in normal (n = 8), normal + α-MSH (n = 10), DM (n = 8), and DM + α-MSH groups (n = 8) were fixed with 4% paraformaldehyde for 24 h, embedded in paraffin, and serially sectioned (3 μm thick). Eight sections from the comparable position of each eye ball were selected and stained with hematoxylin and eosin (H&E). The stained sections were pictured under the bright field of a BX51 microscope (Olympus Optical Co. Ltd., Tokyo, Japan) under identical magnification while keeping the whole retinal layers within one picture. The thicknesses of photoreceptor outer segment (OS), outer nuclear layer (ONL), outer plexiform layer (OPL), inner nuclear layer (INL), inner plexiform layer (IPL), and total retina were measured using a cellSens Standard electronic system (Olympus Optical Co. Ltd., Tokyo, Japan).
Retinal microvessel endothelial cells and their treatment with high glucose
A simian retinal microvessel endothelial cell line RF/6A was purchased from the Chinese Academy of Science (Shanghai, China) and maintained in complete culture media consisting of RPMI 1640 (glucose at 11.1 mM; Thermo Fisher Scientific, Waltham, MA, USA), 10% fetal bovine serum (Thermo Fisher Scientific, Waltham, MA, USA), 100 U/ml penicillin, 100 µg/ml streptomycin (Thermo Fisher Scientific, Waltham, MA, USA), and 2 mM L-glutamine (Thermo Fisher Scientific, Waltham, MA, USA) under 37 °C and 5% CO 2 in a /well in the complete culture media in a 24-well plate, and were divided into normal and high glucose (HG) groups (n = 6 / group). On the following day, the cells in the normal group were incubated with plain RPMI1640 media, whereas the HG group was stimulated with the RMPI 1640 media containing 27 mM glucose, the concentration corresponding to the averaged blood glucose level in the diabetic rats. Eight hours later, both groups of cells were collected for gene expression analyses. 
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Total RNA extraction and reverse transcription The retinas from normal, DM, and DM + α-MSH groups of rats (n = 8 / group) were isolated at W 5 following the intravenous injection. The total RNAs from either the rat retinas or the collected RF6A cells were extracted using a GeneJET RNA Extraction Kit (Thermo Fisher Scientific, Waltham, MA, USA). The concentration and purity of the total RNAs were examined by a Nanodrop 2000 (Thermo Fisher Scientific, Waltham, MA, USA). After a thorough digestion with DNase I at 37 °C for 30 min, 450 ng of the total RNA were reverse transcribed using random hexamer primers and reagents in a RevertAid cDNA synthesis Kit (Thermo Fisher Scientific, Waltham, MA, USA) according to manufacturer's protocol.
Regular PCR
The expression of melanocortin receptor 1, 3, 4, 5 (MC1, 3, 4, 5R) in the HG-treated RF6A cells were examined via Regular PCR. The PCR was conducted in a GeneAmp PCR System 2400 (PerkinElmer, Waltham, MA, USA) using GoTaq Green 2X Master Mix (Thermo Fisher Scientific, Waltham, MA, USA), 2 μl cDNA template from the HG-treated RF6A cells, and specific detection primers for monkey MCR genes ( Table 1) . The PCRs using water as templates were included as negative controls. The regular PCR reaction initiated with a 5-min denaturation at 94 °C, followed by 35 cycles of denaturation at 94 °C for 30 s, annealing at 60 °C for 30 s, and extension at 72 °C for 30 s, with a final extension at 72 °C for 7 min. The PCR products were visualized on a 1% agarose gel.
Quantitative real-time PCR
The expression levels of intercellular adhesion molecule-1 (ICAM-1), tumor necrosis factor-α (TNF-α), occludin, VEGF, MC3R, MC4R, and MC5R were examined using quantitative real-time PCR (qPCR) in a HT7900 Real-Time PCR System (Applied Biosystem, Foster City, CA, USA). The cDNA content of each target gene was normalized to the internal standard 18S ribosomal RNA gene (18S rRNA). The reaction mixture was composed of 3 μl cDNA template, gene-specific qPCR primers (Table 1) , and 5 μl SYBR Green FastStart 2X Master Mix (Roche, Branford, CT, USA). One microliter cDNA from each sample was pooled, seriallydiluted, and used as templates to generate a standard curve between Ct values of each gene and logarithms of cDNA template concentrations. The standard curves demonstrated similar priming efficiencies between each target gene and 18S rRNA gene. The standard curves also served as positive controls for qPCR, and the reactions using water as template served as negative controls. The qPCR program consisted of preincubation at 50 °C for 2 min, denaturation at 95 °C for 10 min, 40 cycles of denaturation at 95 °C for 15 s and extension at 60 °C for 1 min. A dissociation stage was added to check amplicon specificity. The relative expression levels of target genes were analyzed using a comparative threshold cycle (2 −∆∆Ct ) method.
Total protein extraction and concentration determination
The total protein was extracted from the retinas of normal, DM, and DM + α-MSH groups (n = 8 / group) by a Tissue Protein Extraction Kit (CWBIO, Beijing, China), and the protein concentration was determined using a Bicinchoninic Acid (BCA) Protein Assay Kit (CWBIO, Beijing, China). Bovine serum albumin standard (2 mg /ml, CWBIO, Beijing, China) was serially diluted to generate a standard curve and serve as the positive control for protein quantification. The diluent was included as the negative control. Then 25 μl of standards and the 5-fold diluted protein samples were incubated with BCA reagents at 37 °C for 30 min. The absorbance at 562 nm was measured. The protein concentration was calculated according to the standard curve.
Western blots
The protein samples from the retinas of normal, DM, and DM + α-MSH groups of rats (n = 8 / group) were analyzed by Western blots as previously described [21, 22] . Briefly, 50 μg total proteins from each retina were resolved in a 10% sodium dodecyl sulfate polyacrylamide gel, and transferred to a polyvinylidene difluoride membrane. The blots were washed, blocked with 5% non-fat dry milk, and incubated with rabbit polyclonal antibody to ICAM-1 (1:1000 dilution) and rabbit monoclonal antibody to Occludin (1:50000 dilution) (Abcam, Cambridge, MA, USA) at 4 °C overnight. On the next day, the blots were washed and incubated with goat anti-rabbit horseradish peroxidase-conjugated secondary antibody (1:2000 dilution, Abcam, Cambridge, MA, USA) at room temperature for 2 h. The protein signals were visualized with enhanced Chemiluminescence plus reagents (Amersham Biosciences, Piscataway, NJ, USA), and imaged using a Multispectral Imaging System (Biospectrum AC Chemi HR 410, UVP, LLC, Upland, CA, USA). The blots were
Transendothelial electrical resistance
The RF6A cells were seeded at 5X10 4 /well on the culture inserts (0.4 μm pore size and 6.5 mm diameter; Corning, Sigma-Aldrich, St. Louis, MO, USA) in the 24-well plates. The cells were maintained in the complete culture media, with 300 μl in the inserts and 1 ml in the lower chamber. The media were changed every 2 d. The cells reached confluence in about 6 d.
Then the cells were divided into 6 groups. In addition to the normal, HG, and α-MSH + HG groups, based on the expression profiling of MCRs in RF6A cells, a pan MCR blocker agouti-signaling protein (ASIP, Abnova, Taipei, Taiwan), a MC3R and MC4R blocker agouti-related protein (AGRP, Phoenix Pharmaceuticals, Burlingame, CA), and a specific MC4R blocker HS024 (TOCRIS Biosciences, Minneapolis, MN, USA) were added to the cells treated with α-MSH + HG, constituting another 3 groups. In this experiment, the normal and HG groups were pre-treated with plain RPMI 1640; the other 4 groups were pre-treated with 0.1 µM α-MSH, 0.1 µM α-MSH + 10 nM ASIP, 0.1 µM α-MSH + 0.5 µM AGRP, and 0.1 µM α-MSH + 0.1 µM HS024, respectively, for 30 min. Subsequently, all the HG-related groups were stimulated with 27 mM HG for 8 h at the presence of α-MSH and the corresponding blockers, whereas the norm was maintained in plain RPMI 1640 media. The concentrations of α-MSH, MCR blockers, and HG were selected according to the previous studies by us [23] and others [24] . The culture inserts without cells subserved the background.
After the 8 h treatment, the culture inserts were transferred into an Endohm chamber, and the transendothelial electrical resistance (TEER) was measured using an endothelial volt/ohm meter (EVOM 2 , World Precision Instruments, Sarasota, FL, USA) as described elsewhere [25] . The net TEER was obtained after subtraction of the background value, and expressed as percentage of normal control.
Retinal microvessel endothelial cell monolayer permeability
The RF6A cell monolayer was prepared in the culture inserts, and treated with α-MSH, MCR blockers, and HG as described above. Following the 8 h treatment, the cell monolayer permeability was examined as described previously with minor modifications [26] . Briefly, the cell-bearing inserts were transferred to a new 24-well plate with 600 μl plain RPMI 1640 in each well. The media in the inserts were replaced with 200 μl plain RPMI containing 0.2 mg/ml fluorescein isothiocyanate (FITC)-Dextran (average molecular weight 4000; Sigma-Aldrich, St. Louis, MO, USA). The cells were incubated at 37 °C for 1 h, the wells containing merely RPMI 1640 served as the background. The fluorescence intensities of lower chambers were measured at 490 nm with correction at 530 nm by an Infinite 200 PRO Multimode Microplate Reader (Tecan Group Ltd., Männedorf, Switzerland), and the fluorescence intensity of the transferred FITC-Dextran was obtained by subtracting the background value, and expressed as percentage of normal control.
Statistics
Statistical analyses were performed using Statistical Program for Social Sciences 20.0 (IBM SPSS Inc., New York, NY, USA). All data were expressed as Mean ± SEM. The data were examined by D' Agostino and Pearson omnibus normality test to confirm Gaussian distribution, after which they were examined by Levene test to confirm homogeneity of variance. Then the differences in physiological parameters between DM and normal rats, and the gene expression levels of MCR receptors in normal and HG-treated retinal endothelial cells were analyzed by Two-way ANOVA followed by Tukey post hoc; other quantitative results were analyzed by One-way ANOVA followed by Tukey post hoc. A P value less than 0.05 was considered significant.
Results
Intravenous injection of STZ induces diabetic phenotypes in rats
At D 3 and W 1 to 5 following the intravenous injection, the body weight of normal rats significantly increased along with time (F time = 12.930, P = 0.000), whereas that of DM rats did not vary dramatically ( Table 2 ). The body weight of diabetic rats was significantly lower than normal counterparts at each time points examined (Table 2, all P < 0.001, DM vs normal).
At D 3 and W 5 after the intravenous injection, the blood glucose levels of normal rats were (6.93 ± 1.12) mM and (5.08 ± 1.13) mM, respectively; whereas those in DM rats surged to (29.69 ± 4.77) mM and (24.64 ± 2.72) mM, respectively (both P < 0.001, DM vs normal).
At W 4 following the intravenous injection, the averaged daily water consumption of normal rats was 62.27 ± 23.95 ml, the diabetics consumed 242.76 ± 51.75 ml water each day. These physiological parameters suggest that single intravenous injection of STZ can induce the diabetic phenotypes, including reduced body weight, hyperglycemia, and polydipsia.
α-MSH protects early diabetic retina against BRB breakdown and vascular leakage
At W 5 after the intravenous injection of sodium citrate buffer, normal retinal vessels were evenly distributed with smooth vessel walls and regular trajectories as revealed by the intravenously injected Evan blue dye under a fluorescence microscope. No leakage of the blue dye was observed in normal retinas (Fig. 1A) . In contrast, diabetic retinal vessels were tortuous and with uneven calibers, and the dye leakage was frequently observed around macro-and microvessels (Fig. 1B) . Importantly, the trajectories and distribution of the vessels in α-MSH-treated diabetic retinas were similar to those in normal retinas, and the leakage of the blue dye was not observed in this group of retinas (Fig. 1C) , indicating that α-MSH might alleviate BRB breakdown and vascular leakage in early diabetic retina.
Another assay was employed to quantify the permeability of the intravenously-injected blue dye in retina. The results demonstrated that the permeability of blue dye in normal retinas was 3.10 ± 1.13 μl / (g•h), which was boosted 3.24 fold in diabetic ones, being 10.04 ± 8.18 μl / (g•h) (Fig. 1D , P < 0.05, normal vs DM). Intravitreal injections of α-MSH significantly reduced the blue dye permeability in diabetic retinas to the level similar to normal controls ( Fig. 1D , P < 0.05, DM vs α-MSH + DM; P = 0.735, normal vs α-MSH + DM). The result of quantified dye permeability was consistent with retinal vasculature morphology, confirming α-MSH's protection on the intactness of BRB and retinal vessels during early diabetes. 
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α-MSH improves ultrastructures of choroidal and retinal vessels in early diabetic retina
At W 5 after the intravenous injection, transmission electron microscopy was employed to examine ultrastructural changes in choroidal and retinal vessels. The choroidal and retinal capillaries in normal retinas had clear lumens, in which passing erythrocytes were observed ( Fig. 2A, B) . The basement membranes of normal choroidal and retinal capillaries were intact, the collagen fibers outside the basement membrane were well-organized ( Fig.  2A, B) . In diabetic retinas, the choroidal capillaries exhibited the multi-layered, onion skinlike basement membranes, and the slightly swelled vascular endothelial cells attached to one side of the lumen. The intercellular space was expanded in retinal pigment epithelia (RPE), and vacuolar degeneration was observed in this tissue (Fig. 2C) . In addition, the swelled and deformed microvessel endothelial cells aggregated with erythrocytes, obstructing microvessel lumens and leading to retinal capillary stenosis (Fig. 2D) . These ultrastructural changes in diabetic retinas suggest that the damage in outer BRB (mainly composed of RPE cells) and inner BRB (mainly composed of retinal microvessel endothelial cells) [27, 28] has already occurred at W 5 after diabetic onset, thereby forming a morphological basis for diabetes-induced retinal vascular leakage. More importantly, the ultrastructures of choroidal and retinal microvessels in the α-MSH-treated diabetic retinas were substantially improved and similar to those in normal retinas (Fig. 2E, F) , implicating α-MSH's protection of early diabetic retina from BRB breakdown.
α-MSH ameliorates electrophysiological functional defects in early diabetic retina
At W 5 following the intravenous injection of STZ or sodium citrate buffer, the retinal functions of the experimental animals were evaluated by ERG. Since rodent photoreceptors are rod-dominant, only scotopic full-field ERG responses were recorded. Upon the stimulus luminance of 3.0 cd*s/m 2 , the a wave implicit time of the normal rats was 20.67 ± 1.48 ms. It was significantly prolonged to 23.47 ± 3.43 ms in the diabetics (Fig. 3E , normal vs DM, P < 0.01), and was recovered to the normal range by intravitreal injections of α-MSH (Fig. 3E , P < 0.05, DM vs DM + α-MSH; P = 0.951, normal vs DM + α-MSH). Moreover, the amplitudes of a wave and b wave of the normal rats were 93.17 ± 48.14 μV and 191.85 ± 81.79 μV, respectively, under the stimulation of 3.0 cd*s/m 2 flash light. By contrast, these amplitudes shrank about 1/3 in the diabetic rats (Fig. 3F , G, both P < 0.05, Normal vs DM), and were boosted to the levels similar to those in the norms by intravitreal administration of α-MSH (Fig. 3F , G, both P < 0.05, DM vs DM + α-MSH; Normal vs DM + α-MSH, P = 0.763 for a wave, P = 0.712 for b wave). The a wave implicit time and amplitudes of a wave and b wave upon (Fig. 3L, M, N) . Other ERG parameters did not show significant changes among the groups. These results suggest that the intravitreal administration of α-MSH, at least partially, rescues the electrophysiological functions in early diabetic retina.
In order to test whether intravitreal injections of α-MSH could affect the functions of normal retina or not, the ERGs of the normal rats that had received the 2 intravitreal α-MSH injections were also recorded. The results showed that there were no significant differences in the above-mentioned parameters, including a wave implicit time, a wave and b wave amplitudes under both 3.0 and 30.0 cd*s/m 2 stimuli, between the normal rats and the normal rats intravitreally injected with α-MSH (Fig. 3) . These results indicate that intravitreal administration of α-MSH may not interfere with the electrophysiological functions in normal retinas.
α-MSH increases retinal layer thickness in early diabetic retina
The effects of α-MSH on retinal morphology were assessed by H&E staining of the serial sections at the comparable position of eye ball. The retina of the normal rats was wellorganized and laminated as expected (Fig. 4A) . The retinal structures were still organized in the rats that had been induced diabetic for 5 W, however, the thickness of each layer, including OS, ONL, OPL, INL, and IPL, as well as that of total retina was significantly reduced as compared to the normal counterparts ( Fig. 4C, E; all P <0.001, Normal vs DM). These results were consistent with the previous reports [20, 29, 30] . More importantly, α-MSH intravitreal administration significantly increased the thickness of all the retinal layers in diabetic retinas ( Fig. 4D, E; all P <0.001, DM vs DM + α-MSH), particularly for OS and OPL, the thickness of which was similar to that in the norms (Fig. 4A, D, E ; Normal vs DM + α-MSH, P = 0.600 for OS; P = 0.712 for OPL). These results suggest that α-MSH may protect the rat retina from degeneration under the condition of early diabetes.
The retinas of normal rats intravitreally injected with α-MSH were also examined. The overall organization and the thickness of all retinal layers in the retinas of normal + α-MSH 
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Cellular Physiology and Biochemistry group were similar to those in the normal counterparts (Fig. 4A , B, E; all P > 0.05, Normal vs Normal + α-MSH), suggesting that intravitreal injections of α-MSH did not affect the general morphology of normal retina.
α-MSH rectifies aberrant mRNA and protein expression of pro-inflammatory factors and tight junction in early diabetic retina
At W 5 after the intravenous injection, gene expression of the pro-inflammatory factors, such as ICAM-1 and TNF-α, and a tight junction component, Occludin, was examined by qPCR. The results showed that the transcript levels of ICAM-1 and TNF-α, were up-regulated 2.70 Fig. 3 . α-MSH alleviated electrophysiological dysfunctions in early diabetic retinas. At W 5 following STZ or sodium citrate injection, the rats were dark-adapted overnight. Upon stimulation of a flash light with 3.0 cd*s/m 2 , the representative ERG traces of normal (A), normal + α-MSH (B), DM (C), and DM + α-MSH (D) rats were shown; the a wave implicit time (E), a wave amplitude (F), and b wave amplitude (G) exhibited significant changes among the experimental groups, and there were not significant differences in these parameters between normal and normal + α-MSH groups. Whereas upon a flash light with luminance of 30.0 cd*s/m 2 , (H), (I), (J), and (K)represented the ERGs of normal, normal + α-MSH, DM, and DM + α-MSH groups, respectively; the parameters, including a wave implicit time (L), a wave amplitude (M), and b wave amplitude (N), differed significantly among the groups, yet no significant difference was found in these parameters between normal and normal + α-MSH groups. * P<0.05, ** P<0.01.
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.77 fold, respectively, in diabetic retinas as compared to those in normal ones ( Fig. 5A, C ; P < 0.01 for ICAM-1; P < 0.001 for TNF-α, normal vs DM), and these aberrant up-regulations were significantly subdued by α-MSH ( Fig. 5A , C; both P < 0.001, DM vs α-MSH + DM). These results confirmed our previous report [17] . Furthermore, the protein expression of ICAM-1 and TNF-α, as examined by Western bots and ELISA, respectively, was also significantly upregulated in diabetic retinas ( Fig. 5F and H, both P < 0.01, Normal vs DM), though to a less extent than the transcript expression (Fig. 5A, C, F, and H) . Interestingly, the mRNA levels of occludin were significantly down-regulated in diabetic retinas, being only 45.61% of normal controls (Fig. 5B , P < 0.05, normal vs DM). The reduced expression was normalized by intravitreal administration of α-MSH ( Fig. 5B , P = 0.803, normal vs DM+ α-MSH). The protein expression of Occludin resembled the trend of its mRNA expression (Fig. 5B , E, G; P < 0.05, normal vs DM; P < 0.05, DM vs DM + α-MSH; P = 0.715, normal vs DM + α-MSH).
These results indicate that α-MSH may exert its protective effects on BRB in diabetic retinas through mitigating pro-inflammatory microenvironment and strengthening tight junctions at the molecular level.
On the other hand, the transcript levels of VEGF gene did not exhibit significant changes (Fig. 5D , F = 0.791, P = 0.466) among the experimental groups. However, the protein levels of VEGF, as determined by ELISA, were significantly elevated in the diabetic retinas as compared to the normal ones (Fig 5I, P < 0 .01, normal vs DM), and this elevation was reduced to the normal levels by α-MSH treatment (Fig 5I, P < 0 .05, DM vs DM + α-MSH; P = 0.788, normal vs DM + α-MSH). These results suggest that α-MSH might also exert the anti-inflammation and anti-hyperpermeability effects in early diabetic retina via down-regulating VEGF expression at the protein level.
α-MSH acts via MC4R to decrease permeability and increase TEER in HG-stimulated retinal microvessel endothelial cells
In the RF6A cells that had been stimulated with 27 mM HG for 8 h, the expression of MC3R, MC4R, and MC5R, but not MC1R, was detected by regular PCR (Fig. 6A) . The relative gene expression levels of MC3R, MC4R, and MC5R under normal and HG conditions were further analyzed by qPCR. The results showed that under normal condition, MC4R transcript Following the 8 h-HG treatment, MC3R and MC4R mRNA levels did not change (Fig. 6B , P = 0.984, normal MC3R vs HG MC3R; P = 0.713, normal MC4R vs HG MC4R), whereas MC5R expression was significantly down-regulated as compared to the norm (Fig. 6B , P < 0.05, normal MC5R vs HG MC5R). Therefore, MC4R is the predominant form of MCR either under the norm or HG stimulation in RF6A cells.
To test the anti-hyperpermeability effects of α-MSH in the HG-stimulated retinal endothelial cells and to ascertain the receptor subtype mediating such effects, RF6A monolayer transwell culture was established, the TEER and permeability of the cells were determined at the presence of α-MSH, MCR blockers, and HG. The results showed that the TEER was significantly reduced following 8 h-HG treatment, being only 57.27% of the normal control ( Fig. 6C , P < 0.001, HG vs normal). Correspondingly, the cell permeability, as reflected by the fluorescence intensity of low molecular weight FITC-Dextran transferred through the cell monolayer, was boosted to 145.18% of the normal control ( Fig. 6D , P < 0.001, HG vs normal). The treatment of α-MSH normalized the HG-induced aberrant alterations in TEER (Fig. 6C , P < 0.01, HG vs α-MSH + HG; P = 0.150, normal vs α-MSH + HG) and permeability ( Fig.  6D , P < 0.001, HG vs α-MSH + HG; P = 0.1697, normal vs α-MSH + HG), suggesting α-MSH's protection against hyperpermeability of retinal endothelial cells, a major cellular component of inner BRB. Furthermore, the universal MCR blocker ASIP, MC3R and MC4R blocker AGRP, and specific MC4R blocker HS024 exerted similar actions ( Fig. 6C and D ; ASIP + α-MSH + HG vs AGRP + α-MSH + HG, P = 0.199 for TEER, P = 0.626 for permeability; ASIP + α-MSH + HG vs HS024 + α-MSH + HG, P = 0.666 for TEER, P = 0.887 for permeability; AGRP + α-MSH + HG vs HS024 + α-MSH + HG, P = 0.215 for TEER, P = 0.793 for permeability), and all abrogated α-MSH's protective effects on TEER (Fig. 6C , all P < 0.001, α-MSH + HG vs MCR blocker + α-MSH + HG) and permeability (Fig. 6D , all P < 0.05, α-MSH + HG vs MCR blocker + α-MSH + HG). These results, in view of the MCR gene expression profiling (Fig. 6A, B) , indicate that MC4R is the receptor subtype that predominantly mediates α-MSH's anti-hyperpermeability in retinal microvessel endothelial cells stimulated with HG.
Discussion
The current study demonstrated the previously undescribed effects of α-MSH on protecting early diabetic retinas from BRB breakdown and vascular leakage both qualitatively and quantitatively (Fig. 1) , improving ultrastructures of choroidal and retinal microvessels (Fig. 2) , restoring electrophysiological functions (Fig. 3) , and maintaining retinal morphology ( Fig. 4) in the STZ-induced rat model of diabetes. Mechanistically, the protective effects could be ascribed to α-MSH's subduing the upregulation of pro-inflammatory and propermeability factors and boosting tight junction protein in diabetic retinas (Fig. 5) . Further, the in vitro studies suggest that α-MSH acts predominantly via MC4R to inhibit the HGinduced hyperpermeability in a retinal microvessel endothelial cell transwell culture (Fig.  6) , thereby revealing a novel protective role of MC4R at the interface of BRB.
The traditional and effective Evans blue assay was used to detect and quantify the BRB breakdown and retinal vascular leakage at W 5 following diabetic onset. The results are consistent with numerous reports that BRB breakdown and vascular leakage can be detected in the STZ-induced diabetic rat model at W 1 ~ 5 after induction using either Evans blue assay [19, 20, 31, 32] or other methods [33, 34] . Therefore, the BRB breakdown and vessel leakage is one of the early signs of retinal damage in diabetic rats, the pathology of which is similar to early stage of human DR [3] . Moreover, the modifications to Evans blue assay proposed by Xu et al. [19] , including increasing dye dosage, prolonging circulation time, normalizing to retina dry weight, reducing volume of organic extractant, and multiple readings of absorbance with correction, were strictly followed to increase the sensitivity and reproducibility of the assay in diabetic retinas. Yet, it has been reported that pneumothorax, acidic perfusion solution, and the pressure used for intraventricular perfusion could cause disruptions in the BRB, thereby generating the artifacts of vascular leakage during Evans blue assay [35] . However, it bears noting that these procedures in Evans blue assay are equally applied to all experimental animals, and there is no evidence that the procedures would be more deleterious to the BRB functions in diabetic rats than in normal counterparts [35] . Therefore, the influence of these procedures could be offset during the statistical comparisons between the experimental groups. On the other hand, an intravenous injection of a biotinylated bovine serum albumin (bBSA) has been used as an alternative to Evans blue assay [36] . Following blood circulation and thorough perfusion, the extravasated bBSA was measured by either immunoprecipitation and Western blot or ELISA [36] . Although the alternative bBSA approach is streamlined and adapted to mouse retina, this approach detects the biological behavior of an exogenous protein across the BRB under either normal or pathological conditions. It remains unknown whether this approach can accurately reflect the behavior of endogenous macromolecules across the BRB. Whereas the Evans blue assay detects the blue dye that binds to endogenous macromolecules and leaks through the damaged BRB into retina parenchyma, thereby reflecting permeability of endogenous proteins [18, 19] . In our opinion, despite the potential confounding factors, the Evans blue assay could reflect the permeability trend of endogenous macro-proteins and may be used to quantify the BRB breakdown and vascular leakage in diabetic retinas, particularly in rats.
The attenuation of retinal layers in diabetic retinas at W 5 after hyperglycemia (Fig. 4C,  E) is consistent with the literature report [20] . The preservation of retinal layer thickness and structural organization in the α-MSH-treated diabetic retinas (Fig. 4D, E) suggests that this peptide counteracts retinal degeneration occurred during early diabetes, and this result is fundamentally in agreement with α-MSH's anti-apoptotic effects in diabetic retinas described in our previous study [17] . Moreover, the morphology maintenance may account, at least in part, for the recovery of retinal electrophysiological functions, including a wave implicit time, a wave and b wave amplitudes, in diabetic retinas intravitreally administered with α-MSH (Fig. 3) .
The molecular mechanisms underlying α-MSH's protection on BRB in diabetic retinas were investigated. First, α-MSH significantly reduced the overexpression of pro-inflammatory factors ICAM-1 and TNF-α at both mRNA and protein levels in diabetic retinas (Fig. 5A, C,  F, H) . These data confirmed our previous gene expression analyses [17] , implicating that α-MSH can alleviate the pro-inflammatory microenvironment caused by hyperglycemia and oxidative stress in diabetic retina. Second, α-MSH augmented the expression of occludin at both transcript and protein levels in diabetic retinas (Fig. 5B, G) . Occludin is a key protein component of BRB [24] . This result suggests that this peptide may enhance BRB functions via fortifying tight junctions. Last, no significant difference was found in VEGF mRNA levels Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry among experimental groups (Fig. 5D ). There are discrepancies in the literature concerning VEGF transcript levels in early diabetic rat retinas [21, [37] [38] [39] [40] . The discrepancies may, in part, result from the complexity of VEGF family, which comprises VEGF-A, placenta growth factor, VEGF-B, VEGF-C, and VEGF-D [41] . Among these family members, VEGF-A is most closely related to vessel hyperpermeability and neovascularization [42] . Furthermore, 9 splicing variants of VEGF-A transcript have been identified in rat, 6 of them (NM_031836.3, NM_001110333.2, NM_001110334.2, NM_001287111.1, NM_001287113.1, and NM_001287114.1) have been confirmed to encode protein isoforms in reality. Therefore, the qPCR primers for VEGF were designed according to the common sequence of these 6 splicing variants (Table 1) , and the qPCR results represent the total mRNA levels of the 6 variants. The differential expression in any of the variant under diabetic condition could be "diluted" when ensemble transcript levels are determined, thereby leading to insignificant mRNA levels among experimental groups (Fig. 5D) . Nevertheless, the protein levels of VEGF, detected by a commercially available ELISA kit, were significantly elevated in the diabetic retinas, which were reduced to the normal levels by α-MSH's treatment (Fig. 5I) , suggesting α-MSH's inhibition on the protein expression of this pro-inflammatory and pro-permeability factor in early diabetic retinas.
The α-MSH / MC4R-mediated neuroprotective effects have been reported in the literature. For example, α-MSH, through activation of MC4R, ameliorates brain damage and cognition decline in mammalian models of cerebral ischemia [43] and Alzheimer's disease [44] , respectively. We have also shown that α-MSH acts via MC4R to antagonize glutamateinduced excitotoxicity in developing chicken retinas [23] . In the current study, we first detected the predominant expression of MC4R in simian retinal microvessel endothelial cells under both norm and HG stimulation (Fig. 6A, B) , indicating an important role of this subtype of MCR in the endothelial cells. Further, in an in vitro model of inner BRB, universal and specific MCR blockers were used to systematically prove and confirm the predominant role of MC4R in mediating α-MSH's anti-hyperpermeability in the endothelial cells (Fig.  6C, D) . These results reveal a novel role of MC4R at the BRB, sharing of the protective MCR subtype between BRB and neuroretina may facilitate efficient regulation by hormones and modulators and integration into a functional neurovascular unit [45] .
Conclusion
In summary, intravitreal injections of α-MSH protect against BRB breakdown, reduce vascular leakage, improve ultrastructures of choroidal and retinal microvessels, rescue electrophysiological functions, and maintain general morphology in rat retinas of early diabetes. These protective effects may be ascribed to mitigating pro-inflammatory microenvironment and strengthening tight junctions in diabetic retinas. The protective effects of α-MSH / MC4R system extend to the BRB.
